Abstract. Combining the two basic techniques used for the preparation of single polymer composites (SPCs), hot compaction and film stacking, a polyamide 6 (PA 6) single polymer composite was manufactured. The starting materials were PA 6 high tenacity yarn (reinforcement) and PA 6 film prepared via melt quenching (matrix), both expected to be the two principal polymorphic modifications of PA 6 and thus differing in their melting temperatures. The prepared single polymer composite is characterized by a layered structure and shows superior mechanical properties due to the good wetting -tensile modulus is improved by 200% and the ultimate tensile strength -by 300-400% as compared to the isotropic matrix film. Improvement of the interfacial adhesion via transreactions promoted by Sb2O3 as a catalyst was also undertaken.
Introduction
The environmental impact of the steadily increasing use of plastic materials requires the development of new combinations of materials, possibly with improved properties but with reduced environmental harm. The creation of single polymer composites (SPCs) seems to be an alternative in this respect because they do not contain mineral fillers and are characterized by improved adhesion quality between the matrix and the reinforcement. Formulated for the first time by Capiati and Porter [1] , this type of material was further developed by Ward and his group [2] [3] [4] [5] [6] [7] [8] including patenting and commercialization of the 'hot compaction' technique [2] . This method used an assembly of highly oriented polymer fibers or tapes subjected to heating to a critical temperature, while being held together under pressure such that a thin volume of material on the surface of each oriented element is 'selectively melted' creating a matrix [9] . The uniqueness of the hot compaction technique is the use of one constituent only. In contrast to the foregoing approach, the most frequently used technique is film stacking where the film is generally chosen to have a lower melting temperature (T m ) compared to the orientated fibers [10] [11] [12] [13] [14] [15] [16] . A characteristic feature of this technique [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] is that the two constituents of the same polymer are used as starting materials for manufacturing of SPCs. Recently, the authors have explored both of these approaches for preparation of SPCs based on poly(ethylene terephthalate) (PET) using a new type of reinforcement, namely, PET nanofibrils, by means of techniques developed earlier [20, 21] for nanofibrillar composites (NFCs). In the case of two-constituent SPCs, layers of PET nanofibrils with diameters between 50 and 150 nm were sandwiched between PET film with lower T m and thereafter compression moulded [22] . The improvements in both, the tensile modulus (E) and the ultimate tensile strength (σ uts ) were around 65% and for some specimens up to 100%, thus approaching the improvement values of the PET SPCs prepared by Hine and Ward [6] by means of the hot compaction method. The same nanofibrils were used for the preparation of nanofibrillar SPCs applying the one-constituent approach and the improvements of E, σ uts and yield strength were all around 300% [23] . One specimen even showed the maximum modulus value of 10.6 GPa, which was very close to that of PET/ glass fibre (60/40 wt%) composites reaching a modulus of around 11 GPa [6] . In addition to these studies with nanofibrils, the twoconstituent approach was applied to polyamide 66 (PA 66) for the manufacture of SPCs using it as the matrix and as the reinforcement with rather different melting temperatures. They were thought to be the two well known polymorphic modifications of PA 66 [24] . In the present paper, the same study is extended to polyamide 6 (PA 6), where again an attempt was made to use the extremely high ability of formation of polymorphic crystalline modifications [25] . For example, PA 6 quenched from its melt, crystallizes in the γ-modification, while at higher temperatures and/or during drawing it undergoes crystallization in the α-modification with the higher-melting temperature. This polymorphic transition takes place in such a smooth way that the existence of the γ-modification cannot be detected during the heating in the differential scanning calorimeter. Only after applying a chemical cross-linking in the amorphous areas before scanning Fakirov and Avramova [26] succeeded to prevent the recrystallization process and thus determined the equilibrium melting temperature (T m 0 ) of the γ-modification of PA 6 amounting to T m 0 = 208°C (against T m 0 = 278°C of the α-modification) [26] . An additional reason for performing this study is the fact that, to the best of the authors' knowledge, there has been no report on single polymer composites based on PA 6.
Experimental details

Materials and sample preparation
PA 6 commercial type 2650 from Hoechst, Germany, in the form of pellets was used as the matrix.
Commercial UV stabilized high tenacity PA 6 yarn of the code 222 and, according to Firestone, Nashville, Tennessee, USA, of 1848 dtex and 136 filaments played the role of reinforcement. In order to get reinforcement with a higher T m , the yarn was subjected to annealing in vacuum for 3 h at 150°C. The matrix was prepared in the form of a thin film (thickness of 150 μm) by means of compression moulding at 260°C for 5 min and at a pressure of about 35 MPa followed by quenching in ice water together with the covering of Teflon films. Another film was prepared using slow cooling to room temperature. The reinforcing yarn of continuous filaments was wound onto a metal plate using a lathe. Each of the two yarn layers was sandwiched between two matrix films and subjected to compression molding at 200°C for 5 min under a pressure of ~15 MPa. The pressure was maintained during cooling to room temperature. In this way composite films with an average thickness of 500 μm were prepared. All the materials used were dried in a vacuum oven at 80°C for 24 h before being subjected to any thermal treatment. Sb 2 O 3 as a catalyst for transreactions was supplied by Sigma Aldrich and used in its 'as supplied' form. For this purpose filaments were coated with the powder-like material amounting to 1-2 wt% of the composite.
Methods of characterisation
The melting temperature values and the melting intervals, which were of particular importance in this study, along with the degree of crystallinity (w c (DSC)) were determined using a differential scanning calorimeter (DSC) of type DSC Q 1000 of TA Instruments. Typically 6 to 8 mg of material was subjected to scanning at a heating rate of 10°C/min. The w c (DSC) was calculated by the Equation (1): (1) where ΔH exp and ΔH 0 are the experimentally measured and the ideal (for 100% crystalline sample) values of the heat of fusion, respectively. For ΔH 0 the value of 204.0 J /g [27] was used. Scanning electron microscope (SEM) observations were performed on a Philips XL30S instrument with an The mechanical performance of the starting isotropic films of PA 6 (matrix) and the prepared SPC was evaluated in tensile mode using an Instron 5567 machine equipped with a load cell interface, model SN-1000N, gauge length of 50 mm and cross-head speed of 5 mm/min at a temperature of 20°C and 50% humidity. The testing was performed after room conditioning of the samples for two weeks since the absorbed moisture (2.2% as an equilibrium amount) had a dramatic effect on the mechanical properties as demonstrated by Hine and Ward for PA 66 [3] . The testing was performed according to ASTM D882 on 15 mm wide strips, punched by means of a die from the compression moulded films. The results of five specimens were averaged for each sample. It is important to note that the calculation of the cross-sectional area of the reinforcing filaments via their textile characteristics seemed to be less reliable than the use of microscopes for the same purpose. In addition, because of the unusual thermal behaviour of the samples, the DSC measurements were repeated with newly prepared samples, which were also mechanically tested immediately. In this way, a second series of samples was prepared using as a matrix PA 6 film subjected to slow cooling after compression molding and thus hoping to get a more realistic idea about the reinforcing effect. Since this series of sample was tested mechanically on the same day, it was denoted as '1 day' in contrast to the first series denoted as '14 days'. In both cases the annealed PA 6 yarn was used as reinforcement.
Results and discussion
While dealing with single polymer composites an issue of particular importance is the selection of the proper temperature for the thermal treatment leading up to the consolidation of the reinforcing elements without melting them completely. For example, a successful hot compaction of PET textile filaments was performed by Hine and Ward [6] only within 2°C of the T m of the respective PET sample. In this way, various approaches have been used for the preparation of constructs with as different as possible T m when the two-constituent approach has been used. Following the experience of Karger-Kocsis and coworkers on polypropylene [14] [15] [16] as well as authors' recent work on PA 66 [24] , in the present study it is attempted to prepare PA 6 film with T m as low as possible using the fact that quenched PA 6 melt crystallises predominantly in the lower melting γ-modification [25, 26] . This film is used later as the matrix in the SPCs prepared afterwards. The role of the reinforcement is played by the high tenacity PA 6 commercial yarn. In order to enhance the subsequent processing an attempt was undertaken to increase the yarn's melting temperature via annealing. The thermal behaviour of the starting materials and the final SPC was tested by DSC measurements -the results are displayed in Figure 1 . Surprisingly, all the samples studied show The observation that the highly drawn PA 6 displays also the presence of a lower-melting modification, Figure 1b , which is still present after annealing of the yarn at 150°C is rather unusual. Even more surprising is the result that the same fraction melts at a lower temperature after annealing (T m ′ = 64.5°C instead of 92.5°C for the case without annealing, Figures 1c and 1b, respectively) . At the same time, the amount of this lower melting fraction decreases threefold after annealing, see Figure 1 . Regardless of the nature of this lower melting fraction, its presence in the two starting materials, the film and the yarn, is very favourable for composite processing since its early melting contributes to the good adhesion quality between the matrix and reinforcement. It is quite evident that such a thermal behaviour is not a typical one for a neat homopolymer. One of the possible explanation for this observation is that the samples subjected to DSC analysis do not represent a neat homopolymer, but a polymer blend. Many companies are using this approach for getting uncommon for the respective homopolymer properties. Just for polyamides it is known that the company EMS, Germany, blends various polyamides, thus demonstrating unusual for the neat polyamide properties. The clarification for this uncommon thermal behaviour could be a subject of an independent study as such a task is beyond the frame of this study because the melting parameters of the respective matrix and reinforcement were of interest only for selecting the proper processing temperatures. The latter has to be in such a range, where a complete melting of the reinforcement is excluded. As far as the matrix is concerned, there is no such limitation -the further the melting progresses, the better is the result. From this point of view, the 'unusual' thermal behaviour of the matrix and reinforcement, regardless of the reasons for such a behaviour, seems to be very favourable for manufacturing of single polymer composites, what is the main task of this study. It is to be noted that as the relevant analysis (X-ray scattering) is missing, statements regarding polymorphic modifications might be hypothesis. However, notwithstanding this lack of evidence, the primary parameter of this study is the melting temperature. The final PA 6-based SPC also demonstrates a two melting-peak phenomenon, Figure 1d , where the first one shows the same crystallinity as that of the annealed yarn (~10%), while the second peak is characterised by the highest degree of crystallinity (w c = 36%), Table 1 . SEM images of the PA 6 yarns, which have been used as reinforcement are shown in Figure 2a this reinforcing layer is the fact that during the hot pressing at the selected temperature, the fiber surfaces were melted resulting in the traditional hot compaction. Obviously, this process was enhanced by the fact that even in the highly drawn PA 6 material crystalline species with very low melting temperature (T m ′ = 92.5°C and T m ′ = 64.5°C after annealing, Figures 1b and 1c, respectively) were present. The matrix film of the SPC preserved its homogeneity and did not penetrate into the filaments. In fact, in the present case one deals with a layered structure of the composite material as a result of the combination of the two processes, hot compaction and film stacking, Figures 2b-2d . As demonstrated by Hine et al. [9] , such a combination of film stacking with hot compaction gives a better overall balance of mechanical properties and a wider temperature range for processing, compared to a standard hot compaction procedure without a film. Another advantage of this combination is the better wetting of the reinforcement compared to the traditional film stacking process, due to the partial melting of all the fiber surfaces [9] . The fact that the used PA 6 comprises a low-melting crystalline fraction (T m ′ = 127.6°C, Figure 1a , amounting to 30% of the film mass, Table 1 ) also contributed in the same direction. The same holds for the reinforcing fibers (Figures 1b and 1c , Table 1 ). These low-melting crystalline fractions of the two constituents ensure good compaction and wetting between the composite elements during the hot pressing. Stress-strain curves of the starting materials, the PA 6 film and the yarn as well as those of the final SPC are shown in Figure 3 . The SPC samples were prepared in the presence or absence of a catalyst enhancing the transreactions. Results for the two series of samples, the dry (1 day) and wet (14 days) are given; the enlarged portions of the stress-strain curves used for the evaluation of the E modulus are also shown. The reason for the experiments with a catalyst may be attributed to the well known fact that the condensation polymers (polyesters, polyamides, etc) undergo additional condensation and transreactions, also called exchange reactions if the appropriate conditions (temperature, vacuum, duration, catalyst) are available [28] . Since the processing temperature used for manufacturing of SPCs coincides with the temperature interval typical for the occurrence of transreactions, it would seem appealing to explore this opportunity for the creation of 529 Bhattacharyya et al. -eXPRESS Polymer Letters Vol.3, No.8 (2009) Of particular importance in this respect is the failure behaviour of the tested SPCs. The photograph displayed in Figure 4 was taken from a sample after tensile testing. It is quite evident that the expected delamination, being typical for such materials, is missing and a brittle mode of failure is observed. It is also interesting to have a closer look at the enlarged stress-strain curves for the strain range 0.05-0.25% plotted in Figure 3 . A more detailed inspection of these curves shows that the curve for the commercial yarn, Figure 3g , differs from the others with respect of its shape and position. This deviation from the general behaviour of the stressstrain curves in this narrow strain interval could originate from the fact that the sample under testing represents a multifilament yarn, where all the filament do not experience the loading at the same time but, to some extent, subsequently. The stress-strain curves in the insertion were used for the evaluation of the E modulus values, while the same curves in the larger strain range (0-20%), gave the strength values. The obtained results are summarized in Table 1 . The PA 6 films have rather modest mechanical properties in contrast to those of PA 6 yarns. The yarns have an E modulus value, which is 3-4 times higher, while the tensile strength (σ uts ) is even higher, Table 1 . The situation changes drastically when layered SPC is prepared -an improvement in the E modulus of 200%, and of the σ uts values of 300-400% can be observed as compared to the starting isotropic film. As expected, the application of transreaction catalyst shows quite impressive results: the improvement in E modulus is 30% (for the dry samples) and 8% (for the wet samples) and for the ultimate tensile strength these values are 32 and 20%, respectively, compared to the same samples without catalyst, Table 1 . It is worth mentioning that the observation that the wet samples have in average two-fold lower mechanical properties as compared to the dry ones, Table 1 , is in a very good agreement with the findings of Hine and Ward for PA 66 [3] .
Conclusions
It should be noted that the combination of the hot compaction approach along with film stacking represents a promising route for manufacturing single polymer composites with superior mechanical properties. The first results of catalyst application for improving the adhesion quality are also encouraging. Experiments for the optimisation of the described technique with the involvement of other polymer condensates are in progress. 
